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Electron beam induced deposition of amorphous carbon finds several uses in microlithography, surface mi- 
cromachining, and the manufacturing of micro- and nanomechanical devices. This process also occurs un- 
intentionally in vacuum chambers of electron microscopes and interferes with normal image acquisition by 
reducing resolution and causing charging effects. In this work, we show that the resonance frequency of a 
micromechanical oscillator can be significantly affected by exposing it to a focused electron beam, which in- 
duces local carbonization on the surface of the oscillator, resulting in increase in the effective stress along the 
beam. This in-situ carbonization can be utilized for analyzing the amount of residual organic contamination 
in vacuum chambers. In addition, the method described here allows post-fabrication fine tuning of mechanical 
resonance frequencies of individual oscillating elements. 



I. INTRODUCTION 

Micromechanical beam structures have long been 
recognized as effective detectors of chemical and bi- 
ological materials in microelectromechanical systems 
(MEMS)i~— . The adsorption of different chemical sub- 
stances changes the surface properties of mechanical os- 
cillators, thus affecting their resonance frequencies and 
other dynamical properties. In particular, surface ad- 
sorption affects the internal tension, the effective Young 
modulus, and the mass distribution along the mechanical 
beam sensors^—. A static deformation of a micromechan- 
ical sensor due to surface coverage by adsorbates has also 
been shown^^. In this paper, we report the effects of 
electron beam induced deposition (EBID) of amorphous 
carbon materials on micromechanical beam-string oscil- 
lators. 

The interaction between an electron beam (e-beam) 
and the residual organic contamination in the scanning 
electron microscope (SEM) often results in an uninten- 
tional buildup of carbon contamination layers 10 . These 
electrically insulating layers can cause significant degra- 
dation of the resolution and the image stability in a 
SEM. However, the same process can be used construc- 
tively in order to deposit masks and create nanoscale 
structures such as micromechanical clampsiir— . The 
type of materials forming during this procedure is gen- 
erally known as amorphous hydrogenated carbon—. In- 
terestingly enough, these materials exhibit a mixture of 
diamond-like and graphite-like properties. They often 
have high mechanical hardness, relatively high Young 
modulus, and significant internal stresses^—. In this 
work, we investigate the changes in the dynamical prop- 
erties of micromechanical oscillators exposed to a focused 
beam of electrons inside an SEM vacuum chamber. 
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II. EXPERIMENTAL SETUP 

In the experiments, we employ micromechanical os- 
cillators in the form of doubly clamped beams made of 
Pdo.15Auo.85 (see Fig. [I}. The dimensions of the beams 
are: length 100-200 um, width 1-1.5 um, and thickness 
0.2-0.3 um; the gap separating the beam and the elec- 
trode is 5-8 pm. The fabrication process is described 
elsewhere^. 

The oscillators are excited using capacitive force by 
applying a combination of DC and AC voltage between 
the beam-string and the nearby located wide electrode, 
as shown in Fig. [T] Typical fundamental resonance fre- 
quencies of such devices are 150-950 kHz, and quality fac- 
tors are in the range 8000 — 13000. Both these parameters 
depend on the exact manufacturing procedure. In partic- 
ular, the resonance frequencies are dependent on the rel- 
atively high residual tension in the beams Therefore, 
the micromechanical doubly clamped oscillators used in 
our experiments are hereafter referred to as beam-strings. 

The exposure of micromechanical beam-string oscilla- 
tors to the electron beam and the measurements of all 
mechanical properties are done in-situ by a SEM imag- 
ing system (working pressure 10 -5 Torr)i£. 

During the EBID stage, the SEM electron beam sweeps 
across the mechanical beam in the transverse direction 
(see Fig. []} for a given period of time. 



III. RESULTS 

Micromechanical beam-strings have been exposed to 
the electron beam at different locations and a shift in 
resonance frequency has been measured. As can be seen 
from Fig. [2 no significant difference between various 
exposure locations can be detected, i.e., a shift in the 
resonance frequency does not depend on the exact loca- 
tion of the exposed spot on the beam-string. This fact 
suggests that the main reason for resonance frequency 
shift is an effective change in the internal tension in the 
beam-string, which could result from a stress in the de- 
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FIG. 1. A typical device consists of a suspended doubly 
clamped narrow beam (length 100-125 um, width ljim, and 
thickness 0.25 um) and a wide electrode. The excitation force 
is applied as voltage between the beam and the electrode, (a) 
Experimental setup and typical sample's dimensions. The di- 
rection of the vibration of the micromechanical beam is de- 
noted by a dotted arrow. In addition, the same dotted arrow 
shows the direction in which the micromechanical beam-string 
is continuously scanned by the electron beam during the EBID 
process, (b) SEM micrograph of a device with one wide elec- 
trode and two narrow doubly clamped beams. 



posited material. This possibility is further investigated 
in Sec. [TV] 
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FIG. 2. (Color online) Relative resonance frequency shift vs. 
position of the spot on the beam-string which was exposed to 
electron beam. Electron accelerating voltage is 10 kV, expo- 
sure time is 32 s, electron current is 50 pA (black diamonds) 
and 100 pA (brown squares), beam-string length is 125pm, 
original resonance frequency was 983.2 kHz. Dashed lines are 
drawn as guides to the eye. Note that higher electron beam 
current results in larger resonance frequency shift. Vertical 
error bars represent one standard deviation in the measured 
results. 

Interestingly enough, no significant change in the qual- 
ity factor has been observed in our experiments. 

The electron beam current magnitude and the time 
of exposure are the two most important factors affect- 
ing the resonance frequency shift. First, we measure the 
impact of the e-beam current. The time of exposure is 
held constant. Typical results are presented in Fig. [3] As 
expected, at low currents (;$ 200 pA), the resonance fre- 
quency shift increases with the current magnitude. How- 



ever, a saturation occurs at currents above » 300 pA, and 
further increase in the e-beam current does not result in 
faster resonance frequency shift. This saturation behav- 
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FIG. 3. (Color online) Relative resonance frequency shift due 
to exposure to electron beams with different current magni- 
tudes. Two samples were measured: brown squares corre- 
spond to a sample in which the original resonance frequency 
was 958.3 kHz and the exposure time was 20 s; blue diamonds 
correspond to a sample in which the original resonance fre- 
quency was 613.9 kHz and the exposure time was 30 s. Elec- 
tron accelerating voltage is 10 kV, and the beam-string length 
in both samples is 125 pm. The micromechanical beam-strings 
were exposed to the electron beam at the relative positions 
0.3 and 0.7 along the beam, and the results for these two lo- 
cations were averaged. Dashed lines are drawn as guides to 
the eye. Vertical error bars represent one standard deviation 
in the measured results. 

ior can be explained by the finite diffusion rate of precur- 
sor organic molecules on the micromechanical beam act- 
ing as a limiting factor for EBID 13 . This limiting factor 
may be supplemented by other processes, such as e-beam 
aided desorption of the EBID products, as explained be- 
low. 

Next, we measure the impact that the time period 
of exposure to electron beam has on the resonance fre- 
quency shift. Notably, there exist a saturation phe- 
nomenon, which is shown in Fig. 01 For exposure pe- 
riods that are long enough (^ 60s), the resonance fre- 
quency shift is virtually independent of the actual ex- 
posure time. Several explanations are possible. As 
additional layers of carbon are stacked one above the 
other, their impact on the effective beam-string center- 
line tension decrease o 19 ' 20 . The EBID method has been 
shown to result in amorphous carbon materials rich in 
sp 2 bondsi^, and thus having the internal structure re- 
sembling graphene. In analogy to graphene layers in 
graphite, weak interlayer bonds prevent a significant in- 
ternal stress to exist in the bulk of the deposited amor- 
phous carbon material^. 

Saturation in time is a characteristic of many 
adsorption-desorption processes&2i. We speculate that 
a similar process can be present in our experiments if 
the bonds in the products of EBID can be cleaved by 
either primary or secondary electrons, resulting in highly 
volatile molecules, which leave the EBID area promptly. 
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FIG. 4. (Color online) Relative resonance frequency shift vs. 
exposure time. Electron accelerating voltage is 10 kV, elec- 
tron current is 300 pA, beam-string length is 125 pm, origi- 
nal resonance frequency was 953.3 kHz. The micromechanical 
beam-string is exposed to the electron beam at the center. 
Dashed line is drawn as a guide to the eye. Vertical error bars 
represent one standard deviation in the measured results. 



The changes in mechanical properties of the microme- 
chanical resonators in our experiments are partially re- 
versible. After an exposure to atmospheric air, the reso- 
nance frequencies of the beam-string are restored to their 
original values almost completely. Full atmospheric air 
pressure is not required to achieve this recovery, pres- 
sures above « 10~ 2 Torr suffice. However, small residual 
increase in the resonance frequency due to EBID process 
is permanent. This increase is about 1-5% of the total 
resonance frequency change achieved in the experiment 
prior to loss of vacuum in the SEM chamber. After tens 
of hours of exposure to electron radiation, interceded by 
multiple periods of contact with the atmosphere, the per- 
manent change of frequency can reach 20-30%. 

In contrast, after the exposure to e-beam is stopped, 
the achieved resonance frequency shift does not decrease 
as long as relatively high vacuum conditions (pressure be- 
low « 10~ 4 Torr) are maintained. No measurable change 
in the resonance frequency of micromechanical beam os- 
cillators could be detected in our experiments even sev- 
eral hours after the e-beam exposure has ended. There- 
fore, we conclude that if the saturation phenomena de- 
scribed are indeed a result of an adsorption-desorption 
equilibrium, both adsorption and desorption processes 
must be e-beam activated, as no significant desorption 
can be observed when e-beam is turned off. 



IV. DISCUSSION 

Our results contradict the naive view of the local car- 
bonization process solely as a lamped mass addition to 
the beam-string. Such increase in local mass should 
result in a decrease in the resonance frequency, which 
should be position dependent (see, for example, Ref. 22 
and references therein). In contrast, in our experiments, 
the resonance frequency increases and the increase rate is 



independent (within experimental error margins) on the 
position of the spot exposed to the e-beam. 

A rough estimation of the added mass due to EBID can 
be made. The typical density of EBID-produced amor- 
phous hydrogenated carbon 1 -' 2 ? is 1 — 5g/ cm 3 . For com- 
parison, the density of bulk gold is 19.3 g/ cm 3 . We esti- 
mate the volume of the carbon material deposited during 
one experiment to be less than 10 _3 um 3 , which results 
in total deposited mass of less than 5 x 10~ 15 g. The 
resultant relative shift in the resonance frequency is esti- 
mated to be about Aw/wo ~ — 10~ 5 = — lOppm, which is 
far smaller in absolute value than the positive changes in 
resonance frequencies that are experimentally observed. 

A simplified model incorporating the phenomena de- 
scribed in this article can be formulated if one consid- 
ers the change in internal tension in our beam-string 
mechanical oscillators due to local surface deposition of 
an excessively stressed thin film. The fundamental res- 
onance frequency of an Euler-Bernoulli beam with sig- 
nificant internal tension can be shown to be given by 18 
loI = u; 2 (l + 7r 2 a), where w 2 = n 2 N/L 2 pA, a = EI/NL 2 , 
N is the internal tension, L is the length of the beam- 
string, p is the density of the beam-string, A is the area 
of the cross section, E is the Young modulus, and I is the 
cross section moment of inertia. Consequently, for small 
changes in resonance frequency, Awo/^o = 0.5AN/N, 
where Awo and AN are small changes in resonance fre- 
quency and effective beam-string tension respectively. 
We assume that the Young modulus of the deposited 
layer is much smaller than the Young modulus of the 
AuPd alloy from which the micromechanical beam is fab- 
ricated. It follows that the change in the effective internal 
tension of the beam, AN, is approximately equal to the 
total force applied to the beam by the deposited carbon 
layer in the longitudinal direction. Assuming the internal 
tension N in the micromechanical beam to be of order 
of 200 MP a 18 ' 24 , we estimate the surface tension of the 
carbon layers grown in our experiments to be of order of 
50 — 100 mNm -1 . This result is comparable to the pub- 
lished values of surface tension in thin amorphous carbon 
and other organic layers 2 ^^^. 



V. SUMMARY 

In summary, we find that the underlying mechanism 
responsible for the EBID induced frequency shift is the 
enhancement in the effective tension along the beam. 

After an appropriate calibration, this effect can be em- 
ployed in contamination sensors in SEM vacuum cham- 
bers 2 ^.. Although this method does not make a distinc- 
tion between different contamination materials, it is most 
responsive to the same materials that cause carbonization 
in SEM. 

The phenomena described above can also be utilized 
to change the resonance frequencies of micromechanical 
oscillators, allowing sensitive tuning of these frequencies. 
Such tuning can be especially useful in arrays of microme- 
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chanical beams, because each beam can be tuned sepa- 
rately by a local exposure to a focused beam of electrons. 

In order to explain the experimental results presented 
in this paper, further theoretical and experimental work 
is required. It would be especially interesting to analyze 
the structure and composition of the deposited materi- 
als by chemical and physical means. Due to the highly 
volatile nature of these materials, analysis in-situ SEM 
vacuum chamber is in order. 
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